Abstract: Fractures or other major bone defects in the mandible are commonly treated by mounting a reconstruction plate at the fracture site. To avoid complications due to loosening of the implant or the fixation screws, electrical stimulation presents a possibility to accelerate bone healing. The aim of this study was to investigate different combinations of activated electrodes and plate designs regarding their feasibility for electrostimulation of the mandibular bone. The electric field distribution for multiple implant designs was computed using the finite element method. The results suggest that the electrode insulation renders a crucial parameter, which influences substantially the stimulation impact and its power consumption.
Introduction
The conventional treatment of fractures, including nonunions and dehiscences, often leads to complications associated with these defects, resulting in loosening of the fixation screws and the reconstruction plate [1] . Electrical stimulation of bone tissue presents a possibility to decrease the loosening of the implant by facilitating accelerated bone regeneration. Since Fukada and Yasuda reported on the endogenous bioelectricity of bone [2] , numerous studies have aimed for enhancement of bone growth by artificially generated electromagnetic fields. Bassett et al. [3] were able to confirm the beneficial impact of electromagnetic fields on fracture repair in vivo. Empirically, sinusoidal stimulation at a frequency of 20 Hz with an electric field range between 5 and 70 V/m has been determined to lead to enhanced bone growth [4] .
Besides the stimulation parameters, the field strength in the stimulation region strongly depends on the location, design, and number of active stimulation electrodes, the stimulation pattern, and the dielectric properties of the tissue compartments. Computational models allow for estimating the field distribution and the resulting stimulation impact regarding these parameters and, with that, present an important tool for finding the optimal design for stimulating the defective bone region [5] .
The aim of this study was to investigate different combinations of activated electrode and plate designs with focus on the insulation of the fixation screws and the fitting of the reconstruction plate regarding their influence on the electric field strength and the resulting stimulation impact in the stimulation region.
Methods
In order to access the electric field distribution in the defective bone area, a volume conductor model of an electrically stimulated mandible based on computer tomographic (CT) images of a defective lower jaw and a preliminary bone reconstruction system has been generated.
The stimulation impact, which depends on the dielectric properties of the modelled tissue types, the electrode configuration, and stimulation protocol, is determined by computing the electric field strength in the stimulated region using the finite element method. 
Computational model
The CAD model of the mandible was created based on CT images of the mandible of an 18-year-old girl. Registration and segmentation of CT scans were performed using Materialise Mimics®. The resulting surface mesh was further smoothed and processed to a non-uniform rational B-spline (NURBS) surface using GEOMAGIC Studio®. An inner layer of 2.5 mm thickness representing cortical bone was added to the surface model, which was then imported into the simulation software COMSOL Multiphysics® (COMSOL, https://www.comsol.com, version 5.2a) and combined with the suggested reconstruction system consisting of a titanium reconstruction plate equipped with six electrostimulative fixation screws, each encapsulated by an insulating shell.
To investigate the effect of the screws' insulation and reconstruction-plate-fitting on the stimulation impact, four different schematic designs have been created (Figure 1 ). Different lengths of the insulator (only inside the plate ("noninsulated") or reaching into the bone) were considered as well as two different plate designs: firstly, a patient-specific plate closely fitted to the bone (Figure 1 (b),(d)) and, secondly, a generic curved plate, which is not contiguously connected with the bone (Figure 1(a) ,(c)). The fixation screws are modelled by cylinders embedded into the reconstruction plate. The model is surrounded by a bounding box filled with soft tissue, resulting in a five-compartment volume conductor model with its isotropic dielectric properties determined from Gabriel et al. [6] (see Table 1 ).
Finite element simulation
To model the stimulation impact for stimulation signals used in clinical practice [4] , sinusoidal voltages with Hz are applied to the stimulation electrodes. Considering the applied frequency and the dielectric properties of biological tissue, inductive processes can be neglected in the computation of the electric field strength and the electroquasistatic approximation derived from Maxwell's equations can be applied [7] with the electric potential , the angular frequency , the imaginary unit , the vacuum permittivity , the electric conductivity , and the relative permittivity of the model compartments.
Stimulation at the active electrodes is modelled by using Dirichlet boundary conditions with a non-zero value at the corresponding fixation screws and a zero value at the exterior boundary of the soft tissue domain, representing ground. The finite element model comprised approximately 1 million tetrahedral mesh cells. The field equation (1) was solved for quadratic basis functions using biconjugate gradient stabilised method and a geometric multigrid preconditioner with a relative tolerance of . It was ensured that further mesh refinement would only change the electric field norm in the region of interest by less than 0.2%. In order to investigate the influence of different numbers and combinations of active stimulation electrodes, the stimulated volumes in the stimulation region, the required stimulation amplitudes, and the total power consumption for all combinations between one and six active electrodes were determined. The stimulation amplitude for each combination was scaled to a value which provided an average electric field norm of 37.5 V/m in the region of interest (Figure 1) , which is the mean of the values of the electric field norm considered as beneficial during the electrical stimulation of bone [4] .
Results
Comparing the four plate designs, a deviation in the electric field norm and region of beneficial stimulation between the models with completely insulated and those with noninsulated fixation screws is noticeable (Figure 2 ). While the highest field strengths occur in the insulating material, the overall shape of the beneficial stimulation regions is similar. In contrast, increased stimulation in unwanted regions, such as the soft tissue, is noticeable for the non-insulated, nonfitting stimulation system, which results from the direct contact of the electrodes with the soft tissue and its relatively large conductivity compared to bone tissue (Table 1) . In this case, the high conductivity of the soft tissue leads to a lower electrode impedance. This effect is also visible in a substantial increase of the total power consumption for the non-insulated, non-fitting model (Figure ) . In both noninsulated models substantially lower stimulation amplitudes were required to reach the desired field average compared to the models with completely insulated fixation screws. Further, in both insulated models high field strengths with more than 70 V/m occur at the electrode tips that reach into the bone, while comparably less overstimulation at the electrode tips is noticeable in the non-insulated models. For all designs, the required stimulation amplitude and the resulting total power consumption to achieve a mean field strength of 37.5 V/m in the region of interest decreases with the number of active electrodes. The non-insulated model shows a remarkably high power consumption due to the direct contact between the stimulation electrodes and the highly conductive soft tissue. Overall, the lowest power consumption is required in the non-insulated, fitting stimulation system with no direct contact between the stimulation electrodes and the soft tissue. As we are rather interested in the most beneficial number of active electrodes than in their position, the depicted volume ratio represents the percentage of over-, beneficially, and under-stimulated bone tissue in the region of interest averaged over all stimulation configurations for a specific number of active electrodes. It turns out that the more electrodes are active, the more tissue is stimulated beneficially due to the more regular electric field distribution (Figure 4 ). It should be noted that the highest overstimulation occurs for the non-insulated designs, which is a direct effect of the contiguous connection between the stimulation electrodes and the bone tissue.
Discussion
As one might expect, prosthesis designs without insulating coating and with only a small number of active stimulation electrodes show large regions of overstimulated tissue with V/m (Figure 4 : ), which is associated with an increased risk of tissue damage. Especially for the noninsulating, non-fitting design, severe damage might result due to direct contact between the stimulation electrodes and the highly conductive soft tissue, which might facilitate harmful electrode-tissue reactions. Therefore, future studies should focus on how to avoid overstimulation when considering fixation screws without a complete insulating coating.
As the total required power limits the lifetime of an implanted battery when applying direct electric stimulation, stimulation systems with low power requirement will be preferable. Considering this, the model with only partially insulated fixation screws and non-fitting reconstruction plate renders an inferior design because of its high power consumption and tendency to overstimulation. Thus, in this context, a stimulation system with a higher number of active electrodes is preferential due to its corresponding small power consumption while providing a large region of beneficially stimulated tissue (Figures 3 and 4) . The latter is a result of the more uniform field distribution in the stimulation region.
In this study, some simplifications like assigning the dielectric properties of blood to soft tissue and generally assuming isotropic and homogenous tissue properties within each model compartment are applied. In addition, only one single insulator design with a constant thickness was considered, while the variations in these parameters may as well influence the resulting field distribution. In future studies, the geometrical model will be further refined and especially the impact of the specific tissue properties that may vary from patient to patient and within each compartment will be investigated employing Uncertainty Quantification methods [5] .
Conclusion
This preliminary work draws conclusions on how the direct contact between bone and implant as well as different insulator configurations influence the electric field distribution in the stimulation region. Our findings show that prior to in vivo experimental studies and clinical trials it is necessary to evaluate the feasibility of different designs of electrostimulation systems to achieve optimal stimulation results while minimising the risk of harmful side effects. Thus, for future mandibular electrostimulation systems we suggest that particular attention should be paid to the insulation of the electrostimulation device against the soft tissue to avoid tissue damage and high power consumption.
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